Lipid rafts are membrane microdomains that are functionally distinct from other membrane regions. We have shown that 10% of human immunodeficiency virus type 1 (HIV-1) Nef expressed in SupT1 cells is present in lipid rafts and that this represents virtually all of the membrane-associated Nef. To determine whether raft targeting, rather than simply membrane localization, has functional significance, we created a Nef fusion protein (LAT-Nef) containing the N-terminal 35 amino acids from LAT, a protein that is exclusively localized to rafts. Greater than 90% of the LAT-Nef protein was found in the raft fraction. In contrast, a mutated form, lacking two cysteine palmitoylation sites, showed less than 5% raft localization. Both proteins were equally expressed and targeted nearly exclusively to membranes. The LAT-Nef protein was more efficient than its nonraft mutant counterpart at downmodulating both cell surface CD4 and class I major histocompatibility complex (MHC) expression, as well as in enhancing first-round infectivity and being incorporated into virus particles. This demonstrates that targeting of Nef to lipid rafts is mechanistically important for all of these functions. Compared to wild-type Nef, LAT-Nef downmodulated class I MHC nearly as effectively as the wild-type Nef protein, but was only about 60% as effective for CD4 downmodulation and 30% as effective for infectivity enhancement. Since the LAT-Nef protein was found entirely in rafts while the wild-type Nef protein was distributed 10% in rafts and 90% in the soluble fraction, our results suggest that class I MHC downmodulation by Nef may be performed exclusively by raft-bound Nef. In contrast, CD4 downmodulation and infectivity enhancement may require a non-membrane-bound Nef component as well as the membrane-bound form.
Human immunodeficiency virus type 1 (HIV-1) Nef is a 27-kDa myristoylated protein that has been shown to be an important determinant of viral pathogenesis, since individuals infected with viruses carrying defective Nef alleles progress very slowly to disease (6, 15, 37) . Three well-described functions of Nef in cell culture systems are the enhancement of virion infectivity (11, 45, 57) and downmodulation of CD4 (1, 24) and certain class I major histocompatibility complex (MHC) alleles (13, 58) . Multiple other functions of Nef have also been reported. While there has been considerable speculation about the role that all of these functions might play in in vivo infection, the question of why Nef is required for viral pathogenesis remains unanswered (for reviews see references 4, 16, 18, and 25) .
Several models of how Nef downmodulates CD4 and certain class I MHC alleles have been proposed. There is general agreement that Nef induces the internalization of CD4 via clathrin-coated pits, probably by binding directly to the cytoplasmic tail of CD4 (53) , and then directly (14, 49) or indirectly (26, 40) linking to a cellular adaptor complex, most likely either AP-1 (7, 17) or AP-2 (17, 26, 30) . Nef has also been implicated in a second step that targets CD4 to lysosomes for degradation (33, 50) . Downmodulation of class I MHC by Nef is less well characterized, although it is thought to be clathrin independent (38) and utilize intracellular sorting molecules. It has been suggested that Nef downmodulates class I MHC via the Golgi and the PACS-1 sorting pathway (52, 63) . Recently, a direct but weak interaction of Nef with the cytoplasmic tail of class I MHC alleles has been demonstrated (72) , and it has also been suggested that Nef blocks the transport of newly synthesized class I MHC molecules to the cell surface (34) .
Nef increases the infectivity of virus particles produced in its presence (12, 45, 57) , but the manner by which it does this is incompletely understood. Downmodulation of CD4 by Nef is clearly a contributing factor to a form of infectivity enhancement (36, 56) , but mutational analysis of Nef has shown that it is not the only mechanism (27) , and particle infectivity enhancement can be demonstrated even in cells lacking CD4 (10, 11, 45) . Several groups have now shown that Nef is packaged into virus particles (9, 44, 47, 68, 69) , probably as part of the viral core (20, 35) . However, the inclusion of Nef in virus particles has not yet been directly linked to the increase of infectivity phenotype. Additionally, it is not known whether infectivity enhancement is the result of an alteration of the particle as it is produced or whether it is an effect of incoming Nef in the target cell after infection. Recently, it has been suggested that Nef may increase particle infectivity by altering the lipid and cholesterol composition of the virus particle as it is made (76) .
The traditional view of the plasma membrane as a homogeneous entity has been called into question in recent years with the discovery of portions of the membrane termed lipid rafts (also known as detergent-insoluble glycolipid-enriched complexes and glycolipid-enriched membrane domains) (59) . These regions are cholesterol-and sphingomyelin-rich membrane microdomains that are thought to play an important role in signal transduction, acting as a platform for the association of signaling molecules (8, 32, 69) . Rafts can be readily isolated in a sucrose gradient by virtue of their insolubility in cold nonionic detergent and low buoyant density (55) . Proteins which target to rafts often have long, saturated fatty acid modifications such as myristic acid or palmitic acid (65) .
Previous studies have shown that a small fraction of Nef expressed in T-cell lines is membrane bound (3, 23, 68) . Targeting of Nef to membranes is dependent on the cotranslational addition of myristic acid and a stretch of basic amino acids near the amino terminus of the protein (68, 74) . A fraction of Nef expressed in T-cell lines targets to rafts, and it has been hypothesized that raft association may be critical for Nef function (66, 67, 76) . Indeed, a mutation that changes the glycine myristate acceptor site of Nef to alanine (Nef G2A ) prevents myristoylation and severely impairs the ability of Nef to perform most of its known functions (2, 12, 25, 48, 74) . However, since this mutation also completely abolishes the association of Nef with membranes, the resulting phenotype does not allow the conclusion that specific raft microdomain association, rather than bulk membrane association, is the critical factor.
In the present study, we describe a strategy that has allowed us to alter the targeting properties of Nef in a controlled manner to evaluate the functional significance of Nef targeting to raft microdomains versus the nonraft membrane. We demonstrate that raft targeting by Nef is functionally important for CD4 and class I MHC downmodulation as well as infectivity enhancement.
MATERIALS AND METHODS
Cell culture. 5BD.1 COS packaging cells that stably express HIV Gag-Pol and Env proteins were described previously (62) . Cells were maintained with Iscove's medium supplemented with 10% bovine calf serum and 200 g of hygromycin per ml. HeLa CD4 cells were a kind gift from David Camerini (University of California, Irvine), and cells were maintained in Iscove's medium supplemented with 10% bovine calf serum and 1.5 mg of G418 per ml. SupT1 cells were obtained from the AIDS Research and Reference Reagent Program (National Institutes of Health, Bethesda, Md.) and maintained in RPMI 1640 with Lglutamine and 10% fetal calf serum.
Expression vectors. Nef and LAT-Nef expression constructs were made in either a pCMV or pA vector background. The pCMV vector expressing Nef has been described previously (10, 62) . pCMV-Nef (pHR1405) and its derivatives were used for the studies involving infectivity enhancement, which were carried out in 5BD.1 cells. This vector did not express well in SupT1 cells, and thus another vector, pA, was used for SupT1 cell studies. pA is a murine leukemia virus-based pBABE-derived vector which has the 5Ј long terminal repeat replaced with the chicken actin promoter, and has been described previously (64) .
Nef, LAT-Nef, and LAT AA Nef constructs. Plasmids containing either the first 105 bases of the wild-type LAT or LAT AA coding sequence were used as PCR templates to create Nef fusion protein constructs. All constructs were confirmed by DNA sequencing. For constructs in the pCMV background, oligonucleotides 5Ј-GCGGGATCCGTCGACCCATGGAGGAGGCCATCCTGG-3Ј (top strand) and 5Ј-GCGCCATGGAGCCTGGCAGTCTGTG-3Ј (bottom strand) were used. The resulting PCR fragments were then digested with NcoI and subcloned into the NcoI site 5Ј of the NL4-3 Nef G2A gene in the pCMV-based vector pHR1864, which has been described previously (60) .
For constructs in the pA background, pCMV LAT-Nef (pHR2458) and pCMVLAT AA -Nef (pHR2462) were amplified with oligonucleotides 5Ј-GCCG AATTCTATACCATGGAGGAGGCCATCCTG-3Ј (top strand) and 5Ј-GCGT CGACGCATGCTCAGCAGTTCTTGAAG-3Ј (bottom strand). The resulting products were then cut with EcoRI and SalI and cloned into the pA vector (pHR2112) between those sites immediately 3Ј of the chicken actin promoter to create the vectors pA LAT-Nef (pHR2613) and pA LAT AA -Nef (pHR2614).
The pA Nef vector (pHR2110) was constructed by amplification of NL4-3 Nef from pCMV-Nef with oligonucleotides 5Ј-GCGGATCCGAATTCTATACCAT GGGTGGCAAGTGGTC-3Ј (top strand) and 5Ј-GCGTCGACGCATGCTCA GCAGTTCTTGAAG-3Ј (bottom strand). The resulting PCR product was then cut with EcoRI and SalI and cloned into pA between those sites, following the chicken actin promoter.
The pA Nef G2A vector (pHR2696) was constructed by amplification of NL4-3 Nef G2A in pCMV with oligonucleotides 5Ј-GCGGATCCGAATTCTATACCA TGGCTGGCAAGT-3Ј and the same bottom strand oligonucleotide as for the pA Nef construction above. The resulting PCR product was then cut with EcoRI and SalI and cloned into pA between those sites, following the chicken actin promoter.
Transfections. For each sample, 2 ϫ 10 7 SupT1 cells growing in log phase (5 ϫ 10 5 to 7 ϫ 10 5 /ml) were harvested and resuspended in 250 l of fetal calf serum and incubated in a microcentrifuge tube at room temperature for 10 min with the amount and type of plasmid indicated in the figure legends. The cells and DNA were then incubated with another 250 l of serum-free RPMI medium for 10 minutes at room temperature. The resulting 500 l was then transferred to a 4-mm electroporation cuvette. Electroporation was performed at 290 V and 960 F with a Gene Pulser (Bio-Rad, Hercules, Calif.). After allowing the cells to recover for 10 minutes, the cells were resuspended in RPMI medium with L-glutamine containing 10% fetal calf serum at 10 6 cells/ml and incubated until analyzed. When dose-response experiments were performed, the amount of DNA was held constant between samples with the appropriate empty vector.
Flow cytometry. SupT1 cells were cotransfected with 2 g of pCMVGFP (BD Bioscience Clontech, Palo Alto, Calif.) and various amounts of the indicated Nef expression vectors. For staining, cells were harvested, resuspended in 50 l of staining buffer (Dulbecco's phosphate-buffered saline with 2% bovine calf serum and 0.1% sodium azide), and incubated for 1 h with phycoerythrin (PE)-conjugated anti-CD4 (BD Biosciences PharMingen, San Diego, Calif.) or PE-conjugated anti-HLA-A2 (MA2.1) antibody according to the manufacturer's protocol. PE-MA2.1 was a kind gift from David Camerini (University of California, Irvine) and was described previously (43) . It is specific for MHC antigens HLA-A and HLA-B. Cells were washed three times in staining buffer, fixed in 1% paraformaldehyde, and analyzed with a FACSCalibur flow cytometer (Becton Dickinson). Data were analyzed with CellQuest software (Becton Dickinson). The CD4 or HLA-A2 mean fluorescence intensity of the green fluorescent protein (GFP)-positive cells was determined from the gated live cell population.
Membrane isolation. Membrane isolation by flotation centrifugation was performed with a modification of a protocol that has been described previously (61) . Briefly, 1 ϫ 10 8 to 1.5 ϫ 10 8 SupT1 cells in 400 l of flotation buffer (25 mM Tris-HCl, pH 7.5, 150 mM NaCl, 5 mM EDTA, 30 mM sodium pyrophosphate, and 10 mM ␤-glycerophosphate) were lysed by freeze-thaw three times in liquid nitrogen and a 37°C water bath. Lysis was confirmed by trypan blue exclusion. Nuclei and unbroken cells were then spun out at 1,000 ϫ g at 4°C for 5 min. The pellet was washed once with 100 l of flotation buffer, and the resulting supernatant was then added to the first supernatant for a total volume of 400 l. The supernatant was then adjusted to 80% sucrose, resulting in 2 ml volume, which was then layered at the bottom of an SW41 Beckman centrifuge tube.
Layers of 65% (5.5 ml) and 10% (4.5 ml) sucrose were then added on top, and the tubes were spun at 35,000 rpm for 18 h at 4°C; 1-ml fractions were harvested from the top of the gradient. The fractions were then made 2% in Triton X-100 and were either immunoprecipitated with a mouse anti-Nef monoclonal antibody prior to separation by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) or applied directly to an SDS gel. After SDS-PAGE, samples were analyzed by Western blotting with a rabbit polyclonal anti-Nef serum, antitransferrin receptor monoclonal antibody, or anti-Lck antibody. The H68.4 transferrin receptor (CD71) antibody was a kind gift from Samuel Green (University of Virginia, Charlottesville) and has been described previously (70) . Anti-Lck antibody was obtained from Santa Cruz Biotechnology (Santa Cruz, Calif.). The polyclonal Nef antiserum was made by immunizing rabbits with a glutathione S-transferase (GST)-Nef fusion protein.
Lipid raft isolation. Lipid rafts were isolated from 10 8 transfected SupT1 cells lysed in 0.5% Triton X-100-containing buffer as described previously (66) . Briefly, 1 ml of lysates was adjusted to 40% sucrose and layered with 2 ml of 30% and 1 ml of 5% sucrose and centrifuged at 200,000g (40,000rpm in the SW55Ti rotor) for 16 h at 4°C. Fractions from the entire gradient were collected, solubilized with 2% Triton X-100 at room temperature for 15 min and were either immunoprecipitated with a Nef monoclonal antibody prior to separation by SDS-PAGE or applied directly to an SDS gel. After SDS-PAGE, samples were analyzed by Western blotting with a rabbit polyclonal anti-Nef serum, antitransferrin receptor monoclonal antibody, or anti-Lck antibody.
Immunoprecipitations and Western blotting. For experiments to determine expression level, 2 ϫ 10 7 transfected SupT1 cells were harvested 24 h posttransfection and lysed in 1 ml of lysis buffer (1% IGEPAL CA-630, 1% deoxycholate, 0.1% SDS, 150 M NaCl, 10 M Tris HCl, pH 7.4). Gradient fractions or lysates of cells were immunoprecipitated with a Nef-specific mouse monoclonal antibody obtained from Bernhard Maier (University of Virginia) (41) . Samples were incubated for 2 h with 10 g of antibody followed by protein G-Sepharose beads for another 2 h. Both incubations were performed rotating at 4°C. The samples were then washed three times with flotation buffer (described above) or wash buffer (0.2% deoxycholate, 0.5% Tween 20, 150 mM NaCl, 10 mM Tris-HCl, pH 7.2, and 5 mM EDTA) and one time with 1ϫ TNE (10 mM Tris-HCl, pH 7.3, 150 mM NaCl, 5 mM EDTA). The beads were then boiled for 5 min in 1ϫ SDS sample buffer and the supernatant was loaded onto a 12% polyacrylamide gel.
Proteins were separated by SDS-PAGE followed by transfer to Immobilon (Millipore, Bedford, Mass.) for Western blotting. Blots were probed with rabbit anti-Nef serum and analyzed by enhanced chemiluminescence (ECL) (Amersham Biosciences, Little Chalfont, United Kingdom) with a sheep anti-rabbit secondary antibody coupled to horseradish peroxidase or, for quantitation, [ 125 I]protein A and phosphorimager scanning. In some experiments, anti-transferrin receptor monoclonal antibody or anti-Lck antibody was used as the primary antibody.
Infectivity enhancement assay. The effect of Nef on first-round infectivity was assayed as previously described (10) To perform the infection of HeLa CD4 cells with the HIV vector stocks, 10-fold serial dilutions of the cleared supernatant were made into complete medium. DEAE-dextran was then added to each dilution at a concentration of 8 g/ml to facilitate viral absorption and 1 ml of each dilution was added to 2 ϫ 10 5 cells, which had been subcultured the previous day. The virus was allowed to absorb for 6 h at 37°C, at which time 3 ml of complete medium was added and the incubation was continued. The medium was replaced 2 days later, with medium containing 200 g of hygromycin B per ml. This medium was changed every 2 to 3 days. After about 14 days, the resultant colonies were fixed and stained with 0.5% crystal violet in 50% methanol. All experiments were carried out in duplicate.
Production, purification, and analysis of virions containing Nef, LAT-Nef, or LAT AA Nef. Preparations of virions were generated by calcium phosphate transfection (28) Virus was harvested at 72 h after transfection by collection of the medium (20 ml), which was centrifuged at 2,500 rpm for 10 min to remove cellular debris. The supernatant was then subjected to ultracentrifugation through a cushion of 5 ml of 20% (wt/vol) sucrose (in phosphate-buffered saline) at 25,000 rpm in an SW28 rotor (Beckman) for 1.5 h. Pelleted virions were resuspended in 1 ml of phosphate-buffered saline at 4°C overnight and further purified on a 20 to 60% sucrose gradient by ultracentrifugation at 36,000 rpm in an SW41Ti rotor (Beckman) for 18 h. Fractions of 600 l each were collected and analyzed for viral content by reverse transcription assay as previously described (71) .
After identifying peak fractions of virus, the fractions were pooled and diluted with phosphate-buffered saline pelleted at 36,000 rpm for 2 h. Pelleted virions were resuspended in 100 l of 10 mM Tris-HCl (pH 7.6) containing 0.5% Triton X-100, and stored at Ϫ20°C. The levels of p24 in concentrated virion stocks were determined by enzyme-linked immunosorbent assay (ELISA). Six nanograms of p24 equivalents was added to SDS loading buffer and used to analyze the levels of Nef proteins in purified virions by Western blot. As part of this analysis, cell lysates were also prepared at 36 h posttransfection. Total protein content of the lysates was measured with the Bradford dye-binding assay (Bio-Rad, Hercules, Calif.), and the lysates were analyzed for Nef protein expression on Western blots as described above.
RESULTS
A small fraction of the Nef protein expressed in SupT1 cells targets to cellular membranes and it is entirely in the lipid raft domain. Previous studies have shown an association of Nef with cell membranes and that at least some of the protein associates with the lipid raft fraction (66, 67) . This association is known to be dependent on N-terminal myristoylation, as well as basic amino acids residues found within the first 22 amino acids of Nef (68, 74) . However, although few reports have quantitated the amount of Nef that is associated with the membrane fraction, in most cases it appears that a greater fraction of Nef was found associated with the cytoskeleton, or free in the cytosol, than the fraction found in membranes (3, 19, 23) .
As a prelude to directly examining the role played by lipid raft association for Nef function, we initially wished to quantitatively determine the fraction of Nef that was actually associated with membrane and lipid rafts in the SupT1 cells. To do this, vectors expressing Nef or a mutant form of Nef lacking the myristoylation signal were transfected into SupT1 cells by electroporation and extracts were analyzed on sucrose gradients.
Initially, non-detergent-treated extracts from cells transfected with vectors expressing Nef or the Nef G2A myristoylation mutant were analyzed by centrifugation in sucrose gradients with conditions which allowed for the flotation of membranes. Gradient fractions were collected and quantitatively immunoprecipitated with a Nef monoclonal antibody. The amount of Nef in each fraction was then determined by a quantitative Western blotting procedure with a Nef rabbit polyclonal antiserum and [
125 I]protein A (Fig. 1A) . As a control, we also examined the distribution of the transferrin receptor (CD71), an integral membrane protein. The analysis revealed that approximately 10% of wild-type Nef targeted to the membrane fraction, whereas the myristoylation mutant, Nef G2A , was found exclusively in the nonmembrane fractions. Virtually all of CD71 was found in the membrane fraction. This result confirms the notion that only a small amount of Nef targets to the membrane and that this targeting is dependent on N-terminal myristoylation.
We next determined the fraction of Nef present in the detergent insoluble raft fraction. Cells were lysed in Triton X-100-containing buffer at 4°C and the extract was centrifuged in a sucrose gradient in the cold leading to flotation of the raft fraction. Fractions were analyzed for Nef as before with quantitative immunoprecipitation-Western blotting (Fig. 1B and  C ). Fractions were also probed directly for CD71 and Lck as markers of the solubilized membrane fraction and raft fraction, respectively. The analysis showed that approximately 8 to 10% of Nef targeted to the raft fractions. This result, taken together with the data from Fig. 1A , indicates that the majority of membrane-associated Nef is, more specifically, associated with lipid rafts.
Construction and expression of LAT-Nef fusion proteins. Virtually all described functions of Nef are dependent on its myristoylation. This suggests that membrane association of Nef VOL. 78, 2004 LIPID RAFT TARGETING AND Nef FUNCTION 1687 is critical for its activity. However, since lack of myristoylation completely abolishes the association of Nef with both raft and nonraft membrane domains, experiments with myristate-negative Nef mutants have shed no light on whether the lipid raft association, rather than simply association with any portion of the plasma membrane by Nef, is critical for its function.
To directly address this issue, we designed vectors to express LAT-Nef fusion proteins containing 35 amino acids from the amino terminus of the linker of activated T-cell (LAT) protein.
The T-cell LAT protein is an example of a protein that constitutively targets to rafts (75) . The first 35 amino acids of LAT contain a classical type III transmembrane domain as well as two cysteines which, when palmitoylated, localize LAT primarily to the lipid raft membrane fraction. Mutation of these two cysteines to alanines causes LAT to be dissociated from rafts and to localize only to the nonraft membrane fraction (75) . Other investigators have used this domain to target heterologous T-cell proteins to raft domains (5) .
Two fusion protein expression plasmids (LAT-Nef and LAT AA Nef) were made by fusing either the wild-type LAT N-terminal targeting domain or the LAT domain mutated in the two critical cysteines to a full-length Nef sequence ( Fig.  2A) . In each case, a Nef sequence lacking the myristoylation signal (Nef G2A ) was used as the fusion partner to ensure that any protein that might arise from an internal initiation would not become myristoylated. Figure 2B shows a Western blot of extracts of SupT1 cells transfected with the fusion protein plasmids and a plasmid expressing wild-type Nef. The blot was developed with an antiNef serum. In the case of LAT-Nef, two protein species were seen. By analogy with what has been shown for the full-length LAT protein, the upper band is likely the singly palmitoylated species, while the lower band is likely the doubly palmitoylated form of the protein (75) . The unpalmitoylated fusion protein generated by the mutant, migrates at the same position as the singly palmitoylated form. This is consistent with the behavior of the unpalmitoylated LAT protein. Quantitation of the blot with [
125 I]protein A shows that expression levels of the wildtype and mutated LAT fusion proteins are roughly equivalent (Fig. 2C) . In comparison, there appears to be approximately half as much native Nef protein expressed under these conditions.
LAT-Nef and LAT AA Nef target to the membrane equivalently but only LAT-Nef targets to rafts. The localization of the two fusion proteins was then determined by separating the membrane fractions of transiently transfected cells away from other components with sucrose gradient centrifugation. As controls, the localization of Nef G2A and CD71 was also analyzed. For each Nef protein, fractions from the gradient were first immunoprecipitated and then analyzed by Western blot. CD71 was analyzed by direct Western blotting. Quantitation of each blot was carried out with [
125 I]protein A. The results are plotted in Fig. 3A , which demonstrates that virtually 100% of each fusion protein was found in the membrane fraction.
We next analyzed the fraction of each fusion protein that was present in lipid rafts with the same conditions described above for wild-type Nef (see Fig. 1B and C) . As controls the distribution of Lck and CD71 was also analyzed. The results presented in Fig. 3B show that LAT-Nef was found almost exclusively in the raft fractions, whereas LAT AA Nef was found predominantly in the nonraft soluble fractions. The controls, Lck and CD71, distributed as expected in the raft and nonraft fractions, respectively. The results of Fig. 4A and B taken together show that the LAT targeting strategy worked as anticipated.
LAT-Nef is more efficient than LAT AA Nef at downmodulating CD4 and class I MHC. We then evaluated the functional activity of LAT-Nef or LAT AA Nef for CD4 and class I MHC downmodulation in both time course and dose-response experiments. For comparison, the activities of Nef and Nef G2A were also evaluated.
For the time course experiment, 10 g of an expression plasmid for either the LAT-Nef, LAT AA Nef, Nef, Nef G2A , or control empty vector was transiently transfected into 2 ϫ 10 7 SupT1 cells, together with 2 g of a plasmid expressing green fluorescent protein (GFP). Cells were then harvested and stained with phycoerythrin (PE)-labeled anti-CD4 or anti-class I MHC (HLA A2.1) monoclonal antibodies at various times after transfection. The mean fluorescence intensity of CD4 and class I MHC in the GFP-positive population (usually about 30 to 40% of the live cells) was then measured by flow cytometry, as this population represented the successfully transfected cells (see Fig. 4A and B). Cells were also transfected with various amounts of the various Nef expression plasmids (2.5 to 20 g) and stained at 24 h posttransfection with anti-CD4-PE or anticlass I MHC (HLA 2.1)-PE monoclonal antibodies. These cells were analyzed similarly (Fig. 4C and D) .
CD4 was very efficiently downmodulated over time in cells transfected with wild-type Nef in comparison to those transfected with the control vector in which CD4 expression remained unchanged. (Fig. 4A) . We consistently observed CD4 downmodulation by Nef as early as 2 to 4 h posttransfection. 8 SupT1 cells were transfected with 40 g of pA-Nef G2A , pA-LAT-Nef, or pA-LAT AA Nef expression vector. Lysates were made and subjected to membrane (A) and raft (B) isolation and gradient analysis as described for wild-type Nef in Fig. 1 .
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LIPID RAFT TARGETING AND Nef FUNCTIONBy 24 h posttransfection, the mean fluorescence intensity of the GFP-positive population was decreased to 20% of the value of the control. LAT-Nef also downmodulated CD4, although somewhat less well. In this case, the mean fluorescence intensity of the transfected cell population was 55% of the control value by 24 h posttransfection. In contrast to these two proteins, 10 g of LAT AA Nef failed to downmodulate CD4 (Fig. 4A) . In this case, the mean fluorescence intensity of the transfected cell population was similar to the mock-transfected population over the entire 24-h course. The same relative functionalities of these proteins in downmodulating CD4 were seen in the dose-response experiment (Fig. 4C) , although at the highest concentration of LAT AA Nef, a slight downmodulation of CD4 was apparent. Surprisingly, some CD4 downmodulation activity was also observed with Nef G2A , although this protein clearly failed to target to membranes (Fig. 1A) . A decrease of the mean fluorescence intensity to 74% of the control values was observed. This is consistent with results from other laboratories which have demonstrated a residual activity for CD4 downmodulation by this protein (1) .
Class I MHC proteins were also clearly downmodulated by wild-type Nef and LAT-Nef, though less dramatically than CD4 (Fig. 4B) . In the time course experiment there was an initial apparent decrease in signal for class I MHC following electroporation with all of the plasmids. This is likely due to the transfection procedure, since it was also observed with the empty vector. For the cells transfected with Nef and LAT-Nef, the mean fluorescence intensity remained at this low level out to 24 h. In contrast, the mean fluorescence intensity value rebounded in cells transfected with either LAT AA Nef or Nef G2A , suggesting that these two proteins are ineffective at downmodulating class I MHC. This was further confirmed in the dose-response experiment (Fig. 4D) . Mean fluorescence intensity values measured at 24 h posttransfection showed clearly that LAT-Nef functioned more efficiently than LAT AA Nef in class I MHC downmodulation. Interestingly, in contrast to the results for CD4 downmodulation, LAT-Nef displayed activity similar to that of the wild-type Nef protein whereas the LAT AA Nef and Nef G2A proteins showed equal minimal activity.
To evaluate the reproducibility of these results, 10 experiments for class I MHC downmodulation and 9 for CD4 downmodulation at 24 h posttransfection were performed. The results are compiled in Fig. 5 , where the activity of each fusion protein is compared to the activity of wild-type Nef, which has been set at 100%. For class I MHC downmodulation, the LAT-Nef fusion protein behaved nearly as well as wild-type Nef (95%), while LAT AA Nef only worked 38% as well. the possibility that the pathways used for downmodulation of CD4 and class I MHC by LAT-Nef and Nef are different. To examine this, we utilized a series of well-characterized mutations in Nef that previously had been shown to differentially affect the two pathways (51, 54) . The mutations chosen were D123G, previously shown to inhibit both CD4 and class I MHC downmodulation (39); L164, L165/AA (LL/AA), previously shown inhibit only CD4 downmodulation (7, 29) ; and E62, E63, E64, and E65/AAAA (EEEE/AAAA), previously shown to inhibit only class I MHC downmodulation (31) .
All of the above mutations were introduced into plasmids expressing either Nef, LAT-Nef, or LAT AA Nef. These were then transfected into SupT1 cells and analyzed for protein expression. Figure 6A and B show that good levels of expression were obtained for all of the proteins containing the mutations in the context of Nef or LAT-Nef. Equivalent expression was also obtained with the LAT AA Nef constructs (data not shown). We also noted that each of the different mutations caused a shift in the migration position of the Nef or LAT-Nef protein on the SDS-polyacrylamide gel. They were also seen in the LAT AA Nef constructs (data not shown). The reason for these shifts is not known. They may reflect conformational changes or differential posttranslational modifications due to the mutations. Interestingly, both Nef and LAT-Nef proteins are shifted similarly for each mutation.
Figures 6C and D show the results obtained for CD4 and class I MHC downmodulation by the mutations in the context of the Nef and LAT-Nef proteins. The data demonstrate that the mutations behaved as expected and similarly in both proteins. In each case, LL/AA nearly completely abolished CD4 downmodulation but had no effect on class I MHC downmodulation; D123G dramatically reduced both CD4 and class I MHC downmodulation; and EEEE/AAAA primarily affected only class I MHC downmodulation. In the context of the nonraft-associated LAT AA Nef protein, all of the mutations had little effect, in that all of the LAT AA Nef proteins were still severely impaired for downmodulation of either CD4 or class I MHC (data not shown). These results strongly suggest that the pathways of downmodulation for both CD4 and class I MHC by LAT-Nef are the same as those used by Nef.
LAT-Nef is more efficient than LAT AA Nef in promoting infectivity. It has been well described by several laboratories that virus particles produced in the presence of Nef have a greater infectivity than particles produced in the absence of Nef (11, 45, 57) . This effect of Nef appears to be independent of the increase in infectivity that is attributable to CD4 downmodulation, because it can be observed in cells lacking CD4 (10, 11, 45) . We have previously described a packaging cell and HIV vector system where this infectivity enhancement can be readily measured in a single round infectivity assay (10). To measure infectivity enhancement of the LAT-Nef fusion proteins, we performed an experiment in which 8 ϫ 10 5 5BD.1 packaging cells (62) stably expressing HIV BH10 Gag-Pol and HIV HXB2 envelope protein were cotransfected with 5 g of an HIV vector containing the hygromycin resistance gene and 5, 10, or 15 g of the appropriate Nef expression plasmid. Supernatant was harvested at 72 h posttransfection and HIV p24 was measured by ELISA. p24 values in the supernatant were all similar and within a standard deviation of about 5%.
Equal amounts of the supernatants were then used to infect HeLa CD4 cells. Cells were selected for 14 days with hygromycin and colonies were counted. The experiment was performed in duplicate, and the results are plotted in Fig. 7 . The results show that wild-type Nef increased infectivity about 6-to 7-fold at all concentrations of Nef plasmid transfected, while LAT-Nef increased infectivity about 2.5-fold. The LAT AA Nef mutant did not increase infectivity at all. Although the effects seen with the LAT Nef construct were small (only 2.5 times background compared to 7-fold for Nef), the results were highly reproducible and at the concentrations of DNA used in these experiments appeared to be independent of variations in DNA concentration, suggesting that saturating amounts of Nef or LAT-Nef were present.
LAT-Nef is incorporated in virions more efficiently than LAT AA Nef. Several reports have shown that Nef is present in HIV particles (9, 44, 47, 68, 69) and that incorporation is dependent on the N-terminal myristate residue (68) . Thus, raft association by Nef might be a determinant involved in directing the protein to the virion. Raft association by Nef would likely place it at the site of viral assembly, since studies have shown that Gag and Gag-Pol localize to rafts and appear to initiate viral assembly there (46) . However, it is also likely that Nef must leave the membrane at some point during viral assembly to be internalized, since Nef ultimately ends up in the viral core (35) , possibly in association with the viral ribonuclear protein complex (20) . Thus, if raft association is a determinant involved in directing Nef to the particle, other factors must also be involved in determining the final localization of Nef in articles.
To analyze the ability of LAT-Nef and LAT AA Nef to be incorporated into particles, we cotransfected plasmids expressing these proteins together with a proviral clone (pNL4-3) lacking Nef in 293T cells. As controls, plasmids expressing wild-type Nef and Nef G2A were also cotransfected with the proviral clone. Since Nef is readily cleaved by the viral protease, the experiment was performed in the presence of saquinavir, a viral protease inhibitor. This allowed us to readily determine primary expression and incorporation levels without subsequent alterations that might be due to protease cleavage. Cell lysates were prepared at the optimal time of protein synthesis (36 h posttransfection) to determine relative expression levels of the various Nef proteins. Viral particles were isolated from the supernatant at 72 h posttransfection. After normalization for total protein or p24, lysates and viral particles were analyzed by quantitative Western blot with [
125 I]protein A to determine the level of Nef or LAT-Nef protein present. Figure  8 shows the results of this analysis. Figure 8A shows the levels of expression of the various Nef proteins in the transfected cell. As before, LAT-Nef migrated as a double band, reflective of the singly and doubly palmitoylated species (75) . For all Nef proteins expressed, each individual protein band was present at approximately equal levels (within 1.4-fold). Analysis of the virions showed that all samples contained approximately equal levels of Pr55 gag as expected (Fig. 8B, upper panel) ; however, incorporation of Nef G2A and LAT AA Nef was severely impaired relative to Nef. On the other hand, LAT-Nef was incorporated to a much greater extent, with the fully palmitoylated form being incorporated better than the singly palmitoylated form. Thus, these results strongly suggest that raft association, and not just membrane association, by Nef is an important determinant for particle association.
DISCUSSION
In this study, we have shown that about 10% of the wild-type Nef protein produced in SupT1 cells is membrane-associated and that virtually all of the membrane-associated protein is found in raft microdomains. The amount of Nef associated with the total membrane fraction is similar to the previously published estimates from other laboratories (3, 23, 68) . Previous reports have also found Nef associated with rafts, but these studies did not attempt to determine the distribution of Nef between the nonraft membrane fraction and rafts, as we have done (66, 67, 76) . By retargeting Nef, with LAT-Nef chimeras, to either the raft or nonraft membrane fraction, we have now been able to conclude that raft association, rather than simply membrane association, is critical for Nef to efficiently perform three of its well recognized functions.
Our study showed that the LAT-Nef chimera that targeted to rafts was more efficient at CD4 and class I MHC downmodulation and first-round infectivity enhancement than the chimera that targeted to the nonraft membrane. In addition, differences in how well the raft-targeted chimera worked compared to wild-type Nef were also observed. For the same amount of transfected DNA, LAT-Nef had an efficiency sim- FIG. 7 . LAT-Nef enhances virion infectivity greater than LAT AANef. Virus vector was harvested at 3 days posttransfection from 5BD.1 cells transfected with pTR167 Nef(Ϫ) and 5, 10, or 15 g of pCMVNef, pCMV LAT-Nef, or pCMVLAT AA -Nef as indicated. For the control sample 5 g of pCMV containing no insert was utilized. In all cases a vector that expressed Tat (pCMVTat) was also added. The supernatant was then used to infect HeLa CD4 cells, and hygromycinresistant colonies were counted after 14 days. Vector titer was calculated as the number of hygromycin-resistant HeLa CD4 colonies formed per milliliter of supernatant. Each bar shows the data from independent duplicate experiments.
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ilar to that of wild-type Nef for class I MHC downmodulation, about 60% that of wild-type Nef for CD4 downmodulation, and about 30% that of wild-type Nef for infectivity enhancement.
In considering the functional differences between the chimeric LAT-Nef protein and wild-type Nef, we cannot rule out the possibility that attaching an extension at the amino terminus affects protein conformation in a way that differentially impacts its ability to perform each function. However, we believe that a more likely explanation for the different efficiencies observed relates to the fact that the LAT-Nef protein is essentially 100% membrane associated. The LAT-Nef protein is firmly anchored in membranes via a transmembrane domain, compared to wild-type Nef, which is only 10% membrane associated and has the presumed flexibility to go in and out of the membrane. Following this logic, our data would suggest that non-membrane-associated Nef may play some role in CD4 downmodulation and enhancement of viral infectivity, while class I MHC downmodulation by Nef may be an exclusively membrane-bound process. In this regard, it is interesting that the nonmyristoylated form of Nef (Nef G2A ), although highly impaired, still downmodulated CD4 in a dose-and time-dependent manner, but had no effect on class I MHC downmodulation.
It has been shown previously that CD4 and class I MHC downmodulation by Nef occur through different pathways and that different regions of Nef mediate these functions and infectivity enhancement (27, 42) . While our data clearly support raft involvement in all three processes, at this time we can only speculate on the role played by rafts for each of these functions. The reasons for the importance of raft targeting could include the fact that such targeting would allow a close geographic proximity between Nef and its target molecules, a clustering of Nef with intermediary adaptor molecules, or the maintenance of a Nef structure that would allow it to interact appropriately with other molecules.
It has been well established that the CD4 protein is found associated with lipid rafts (22) , and there is an extensive literature which suggests that CD4 downmodulation by Nef occurs primarily at the cell surface by endocytosis through clathrincoated pits (21, 73) . In this model it has been suggested that Nef interacts directly with the cytoplasmic tail of CD4 and links it to the endocytosis machinery via adaptins and/or the vacuolar ATPase (40, 49) . Since internalization of raft-associated proteins may involve a clathrin-independent route, it may be that a key role of Nef is to target the clathrin-mediated endocytosis machinery to a location normally devoid of clathrin. Although nuclear magnetic resonance studies have shown that a full-length recombinant Nef protein interacts directly with a synthetic peptide derived from the cytoplasmic tail of CD4, Nef-CD4 binding has been difficult to demonstrate (53) . It may be that a combination of CD4 binding and raft association by Nef is key to the forming of a stable Nef-CD4 complex.
Recent data have suggested that downmodulation of class I MHC by Nef in T cells may primarily be the result of a direct binding of Nef to the class I MHC cytoplasmic tail and a blockage of transport to the cell surface of newly synthesized class I MHC molecules (34, 63, 72) . Other mechanisms such as increased clathrin-independent endocytosis and retargeting through such molecules as PACS-1 could also play some role in T cells (52) . Whatever the mechanism, accumulation of class I MHC molecules in the Golgi seems to result. Interestingly, this is the cellular compartment where rafts are first thought to form. Thus, Nef association with rafts in the Golgi could trap class I MHC molecules there, either alone or in conjunction with other proteins. Our results demonstrate that LAT AA Nef is very poorly incorporated into viruses particles relative to either LAT-Nef or Nef. Since LAT AA Nef fails to target to rafts while the other two proteins do, this indicates a role for raft targeting in Nef particle incorporation. However, the association of Nef with rafts cannot be the only factor that mediates this incorporation. If this were the case, more LAT-Nef should be incorporated into particles than Nef, since 100% of it is raft associated compared to only a small fraction of Nef (see Fig. 3 ). In actuality, after normalization for expression, we found that the two species of LAT-Nef were only incorporated about 40% and 17% as well as Nef. One possible explanation for this finding might be that tight anchoring to the membrane through the transmembrane domain of LAT-Nef is actually detrimental for incorporation and that Nef may have to come off of the membrane at some point, perhaps to interact with Gag or Gag-Pol, to be packaged efficiently. The finding that both protease-cleaved and uncleaved Nef is associated with the viral ribonucleoprotein in virions (20) , rather than membrane, is consistent with this idea.
It should also be noted that a role for particle-associated Nef in infectivity enhancement has yet to be directly established, so it is not clear that the infectivity differences seen between raft-associated LAT-Nef and non-raft-associated LAT AA Nef can be explained simply by the incorporation differences. Existing data do not allow distinction between models in which Nef increases particle infectivity by acting in the producer cell to alter the viral particle so that it functions more efficiently in the subsequent round of infection and mechanisms by which Nef itself functions as part of the incoming preintegration complex. In either case, however, raft association by Nef would place it at the site of viral assembly, since studies have shown that Gag and Gag-Pol localize to rafts and appear to initiate viral assembly there (46) .
One study has suggested that particle infectivity enhancement by Nef may be related to Nef-induced alterations of cholesterol and ganglioside GM1 levels in particles (76) . The study also showed that infectivity enhancement by Nef was abolished when cells were depleted of cholesterol, through the use of either biosynthetic inhibitors or cells defective in cholesterol biosynthesis. The authors interpreted these results to mean that under conditions of cholesterol depletion, Nef could no longer induce a change in the composition of the virus membrane. However, these results are also consistent with the view that rafts function as staging areas for assembly and that if they are disrupted, Nef is no longer able to localize to regions where there is a high concentration of newly assembling virus particles and exert its effect.
In recent years, lipid rafts have been recognized as central organizational platforms in the T-cell membrane, yet many details of how they form and function are still lacking. Continuing studies of how HIV Nef interacts with these domains will likely generate more knowledge about this subject. Thus, studies of HIV and its accessory genes such as nef continue to provide insight into fundamental processes operating within the cell. Understanding these processes in more detail will also provide important information for the discovery and design of future anti-HIV drugs.
